We characterize the europium (Eu 3+ ) hyperfine interaction of the excited state ( 5 D0) and determine its effective spin Hamiltonian parameters for the Zeeman and quadrupole tensors. An optical free induction decay method is used to measure all hyperfine splittings under weak external magnetic field (up to 10 mT) for various field orientations. On the basis of the determined Hamiltonian we discuss the possibility to predict optical transition probabilities between hyperfine levels for the 7 F0 ←→ 5 D0 transition. The obtained results provide necessary information to realize an optical quantum memory scheme which utilizes long spin coherence properties of 151 Eu 3+ :Y2SiO5 material under external magnetic fields.
I. INTRODUCTION
Rare-earth-ion-doped crystals (REIC) have been actively studied during the last decade as promising solidstate materials for quantum information processing. In the field of quantum communication these compounds have been used as optical quantum memories: devices capable to store and release quantum states of light [1] [2] [3] [4] . In this context different quantum memory protocols were utilized to demonstrate high-efficiency [5] [6] [7] , long storage time [8] [9] [10] , efficient temporal [11] and frequency multiplexing [12] , multiple-photon storage and entanglement storage [13, 14] in various types of REICs.
Europium-doped yttrium orthosilicate Eu 3+ :Y 2 SiO 5 is one of the most attractive solid-state systems to realize optical quantum memory for quantum repeater application. This is due to the long optical coherence times of a few milliseconds [15] [16] [17] which together with excellent spin coherence properties of tens of milliseconds lifetime [18] offer the possibility to realize spin-wave storage of photonic states [19] . Storage times up to a few milliseconds have been demonstrated using different quantum memory schemes at zero magnetic field [10, 20, 21] .
Recently, the extension of the spin coherence lifetime in Eu 3+ :Y 2 SiO 5 up to one minute has been demonstrated using the zero-first-order Zeeman shift (ZEFOZ) condition at high magnetic fields [22] . The long coherence time is due to the decoupling of the hyperfine transition from magnetic-field fluctuations from the host spin flips [23, 24] . Further application of the dynamical decoupling technique using trains of rf-pulses resulted in extended hyperfine coherences up to 6 hours [22, 25] . This clearly demonstrates the potential of Eu 3+ :Y 2 SiO 5 crystals to realize long-duration quantum light matter interface applicable for quantum communication.
Further use of the ZEFOZ transition for storing optical excitations requires knowledge of optical properties for this material under an applied magnetic field. * Email to: mikael.afzelius@unige.ch This is important in order to find a proper energy level path where single photons can be efficiently transferred to spin-wave excitations. The excited state spin Hamiltonians have been previously characterized for other nonKramers crystals [26, 27] . This information allowed to predict optical transition probabilities between the ground and excited hyperfine levels. However, the magnetic properties of the 5 [17] , which allows us to measure all hyperfine splittings under weak external magnetic fields (up to 10 mT) applied in various directions. With this approach, all hyperfine splittings can be measured for both the ground and excited states at the same time, which is an efficient method to precisely characterize the relative orientation of the two spin Hamiltonians (for ground and excited states). This is crucial in order to predict optical branching ratios for various optical pumping tasks, like quantum memory applications. Using both Hamiltonians, we are able to find parameters that result in an good agreement between calculated and experimental optical transition probabilities the optical transition probabilities for different hyperfine levels of the optical 7 F 0 ←→ 5 D 0 transition as a function of the external magnetic field.
The work is organized as follows. In Section II, we present the effective Hamiltonian describing the magnetic properties of hyperfine levels in 151 Eu 3+ :Y 2 SiO 5 . In Section III, we present the measurement method and the experimental details. Section IV shows the main results: the measurement of ground state and excited state hyperfine splittings as a function of the external magnetic field's angle and the prediction of the transition probabilities using the fitted parameters. We finally discuss the implications of our findings and give an outlook in Section V. The hyperfine interaction of rare-earth centers is usually described using a Hamiltonian of the form [28] (1) where the first two terms describe the free ion and the crystal-field (cf), which together characterize the electronic coupling and determine the optical transitions. All other terms describe the hyperfine coupling, the nuclear quadrupole coupling, and the electronic and nuclear Zeeman Hamiltonians, respectively.
In the present work we consider the optical transition of 151 Eu 3+ between the ground 7 F 0 (denoted as |g ) and the excited state 5 D 0 (denoted as |e ), which for Y 2 SiO 5 material takes place at 580.04 nm wavelength (in vacuum, optical site I [15] ). The energy level structure is displayed in FIG. 1 .
Due to the singlet states (J = 0) connected by the optical 7 F 0 ←→ 5 D 0 transition for Eu 3+ ion and the even number of electrons the net orbital angular momentum and the electron spin are quenched [28] . This allows to efficiently represent the second group of terms in Eq. (1) as a perturbation for the electronic levels. Due to the quenching, the hyperfine coupling and electronic Zeeman interactions are not present at the first order, which at zero magnetic field leads to the same order of magnitude for all the terms inside the second brackets of Eq. (1).
Representing these terms as a second order perturbations for the first group allows us to consider only the effective nuclear spin Hamiltonian [29, 30] 
In this expression, the first term corresponds to the quadrupole interaction and is responsible for a partial lifting of the nuclear-spin states degeneracy in both the ground and the excited states for the I = 5/2 nuclear spin of europium (see FIG. 1, left) . In general, this term includes pure quadrupolar and pseudoquadrupolar contributions [29] . The second term describes the Zeeman interaction and results in non-degenerate hyperfine levels in the presence of a magnetic field (see FIG. 1, right) . The third term is the quadratic Zeeman interaction, which we neglect since it does not contribute to the admixtures of the eigenstates. The labels used for the hyperfine levels in FIG. 1 are only approximate, since m I is not a good quantum number. As the energy splittings due to H are very small compared to the optical transition, this term can be seen as a perturbation of the whole Hamiltonian. Two hyperfine Hamiltonians can be defined: one for the ground state H (g) and one for the excited state H (e) . The hyperfine ground state Hamiltonian has already been determined in a previous work [31] . We are thus interested in the present work in characterizing the Hamiltonian of the excited state and its orientation with respect to the ground state Hamiltonian. This is done by determining experimentally Q (e) and M (e) , that is, the quadrupole and Zeeman tensors of the excited state hyperfine Hamiltonian. [32, 33] . For quantum information applications the 153 Eu isotope can offer a larger optical bandwidth and potentially longer coherence times, however the magnetic field intensities required to find ZEFOZ transitions are larger with this isotope, due to the stronger electric quadrupole moment [22] .
Y 2 SiO 5 is a monoclinic biaxial crystal of the C 6 2h space group. When Eu 3+ ions substitute yttrium Y 3+ ions they can occupy two different crystallographic sites. Here we study the crystallographic site which offers a higher absorption coefficient and a longer optical coherence time (site I) [15] . For this site, europium ion can also occupy two magnetically inequivalent subsites, and the Hamiltonians of these two subsites are related by a π-rotation around the C 2 symmetry axis of the crystal. This means that two quadrupole tensors Q must be defined, one per magnetic subsite. Note that the two magnetic subsites become equivalent when an external magnetic field is applied along the crystal symmetry C 2 axis or in the plane perpendicular to it. The crystal was cut along the polarization extinction axes D 1 , D 2 and b [34] , where b coincides with the crystallographic C 2 symmetry axis.
To summarize, in this work we determine the two tensors Q are then deduced by a π-rotation around the C 2 axis (see Appendix A for more details). Since the point symmetry at the site of Eu 3+ in Y 2 SiO 5 crystal is C 1 , the tensor axes for each interaction type can be arbitrarily oriented with respect to each other for a given electronic state, and additionally have different relative orientations in the ground and excited states. This makes the characterisation of their relative orientations in different electronic states a complicated problem.
III. EXPERIMENTAL METHODS
Several experimental methods can be used to measure the ground and excited state splittings. The most common techniques combine optical and radiofrequency (rf) fields, such as Raman Heterodyne Scattering (RHS) [27, 31, 35] . This method requires an efficient coupling between rf-radiation and the spin transition under study. Due to the large quadrupole splittings and the weak Rabi frequencies for the excited state 5 D 0 , this method is technically demanding in terms of rf power and impedance matching. Preliminary RHS signals we recorded were weak and difficult to use for a quantitative analysis. This does not preclude the use of RHS for such a measurement, however we chose another approach to obtain the required experimental data.
To overcome these technical limitations, we use spectral hole burning (SHB). With SHB, one can measure simultaneously the ground and excited state splittings with a single absorption measurement and without using rf fields. A difficulty using SHB is the interpretation of the complicated SHB spectrum. To solve this problem we use a technique called class cleaning, which we now describe in detail.
A. Class cleaning for SHB at the Zeeman level
The general idea of SHB is the following [36, 37] : given that the inhomogeneous broadening of the 7 F 0 ←→ 5 D 0 transition is large compared to the hyperfine splittings, sending a pump laser of fixed frequency on the ensemble for a much longer time than the radiative lifetime will cause the atoms to be redistributed among the hyperfine ground state levels. For a system with N g ground state levels and N e excited states, there will be a total of We could try to directly use this technique to probe the different splittings we want to measure, but the spectral pattern for I = 5/2 would be composed of 31 holes and 930 anti-holes originating from the 36 classes of atoms for each magnetically inequivalent site. Retrieving the excited and ground state splittings would be a challenging task in this case.
Instead of using all the 36 classes of atoms, we perform a class cleaning of the atoms at the quadrupole level [38] . This means that by using an appropriate sequence presented in detail in [10, 39] we address a single transition of the kind |±k/2 (g) ←→ |±l/2 (e) , with (k, l) ∈ {1, 3, 5}. Since the class cleaning is only done at the quadrupole level, when sending light on a |±k/2 (g) ←→ |±l/2 ). For typical Zeeman splittings lower than 400 kHz the challenge of measuring holeburning spectra is twofold: first the burning laser should have a narrower linewidth than the energy splittings, and second the readout of the structure should be very precise in order to resolve it. We will see in the next section how we solve these issues in the present case.
B. SHB spectrum measurement: heterodyne measurement of the FID As explained previously, our goal is to measure SHB spectra, like the one shown in FIG. 2(b) , and extract the excited state splittings as a function of the direction of the magnetic field. A first simple idea is to use a readout pulse, whose frequency is chirped over time. The limitation with this solution is that the resolution of the measurement is strongly linked with the chirp rate: as the structure that we want to measure is only a few kilohertz wide, the chirp rate should be very slow. This tends to work with very weak readout amplitudes to avoid hole burning due to the readout pulse, implying measurements with low signal-to-noise ratios.
Instead of a frequency-resolved absorption measurement, we perform a temporal measurement of a signal emitted by the spectral structure we want to measure. In other terms, we excite the spectral structure with a short readout pulse, which will create an optical coherence on the atoms. These atoms will then emit light after the end of the readout pulse: This is the free induction decay (FID) [41, 42] . As a temporal counterpart of the direct spectral absorption measurement, the absorption spectrum is simply the imaginary part of the Fourier transform of the measured FID. This requires that the spectrum of the readout pulse should be large compared to the probed spectral structure.
To measure the FID, we use an interferometric technique called balanced heterodyne detection: we mix the FID field with a 4 MHz-detuned optical local oscillator (LO) on a 50:50 beamsplitter, and measure the difference in photocurrent of two photodiodes placed in its two outputs. The advantage of this method is that the measurement is only limited by the shot-noise of the readout pulse.
C. Experimental setup
In FIG. 3(a) we show the experimental setup. Our laser source is a cavity-stabilized source with a sub-kHz linewidth, which emits 2 W of light at 580.04 nm. We use 40 mW for this experiment and split the power into two different beams. The first one, the signal beam, is used to prepare and excite the crystal sample. The second beam is used as the local oscillator for the heterodyne detection. In order to modulate the frequencies and the amplitudes of both the signal and the LO for the implementation of the sequence, acousto-optical modulators (AOMs) in a double pass configuration are used. The AOMs are driven by an analog generator card that performs both amplitude and phase modulation. The signal beam is then recombined on a 50:50 beamsplitter with the local oscillator for the heterodyne measurement, performed by a balanced photodiode detector.
For our study we use a 1 cm long isotopically pure 151 Eu 3+ :Y 2 SiO 5 crystal with a doping concentration of 1000 ppm. We chose this particular host crystal for its low nuclear spin density, which leads to long optical and hyperfine coherence times [15] [16] [17] . The crystal was grown by the Czochralski method. For more details regarding the crystal and its growth, see Ref. [43] .
To minimize the effect of decoherence processes, the crystal is cooled to 3 K in a commercial closed-cycle cooler from Cryomech, with a custom-made vibrationdamping mount. In order to apply the magnetic field necessary to lift the Zeeman degeneracy, we use three pairs of copper coils close to a Helmholtz configuration. The magnetic field is limited to B x = B y = 10 mT in the X and Y directions and to B z = 5 mT in the Z direction, due to heating through the Joule effect. The axes of the coils X, Y and Z define the lab frame in which the spin Hamiltonian is defined. The crystal axes D 1 , D 2 and b are oriented closely to the Y , X, and Z axes of the coils, respectively. Further possible misalignment is included in the fitting procedure discussed later.
Each |±k/2 (g) ←→ |±l/2 (e) transition that is probed requires a specific preparation procedure: As we want the FID signal to be the strongest possible, we additionally polarize all the spins in the selected class to the |±k/2 (g) state by optical pumping. These are simply variants of the basic class cleaning procedure discussed in Ref. [10] . Figure 3(b) shows the sequence that is used for the experiment. First the direction and amplitude of the magnetic field are set using three independent current sources. Then the atomic preparation occurs, which consists in the class cleaning procedure (see Section III A) and the pumping procedure previously mentioned. The preparation of the atoms is performed over an optical bandwidth of 5 MHz. Then, we perform SHB on the ensemble by sending a series of identical and spectrally narrow pulses. This sequence results in burning a structure of the type presented in FIG. 2(b) , where the holes and anti-holes have a typical width of the order of 10 kHz. We believe that this width is currently limited by the residual vibrations of the crystal during the SHB procedure. Finally, a single 1.5 µs long square pulse is sent as the readout pulse. The beginning of the FID measurement is triggered right after the end of this pulse. The LO is continuously sent to the heterodyne detection, with a detuning of 4 MHz with respect to the readout pulse. 
IV. EXPERIMENTAL RESULTS
A. Obtaining the absorption spectra Figure 3 (c) shows a typical trace recorded by the oscilloscope: The FID is beating with the LO at 4 MHz, and the slow modulations reveal the existence of a structure in the spectral domain. Nevertheless, if we consider directly the imaginary part of the Fourier transform of the measured signal, we do not recover the expected absorption spectrum: In close analogy to NMR [44] , we need to apply a linear phase correction to our data. The origin of this phase correction is twofold: first, for each FID measurement the relative phase of the LO is random. A constant phase should then be added for each measurement. Secondly, the measurement does not start right at the beginning of the FID emission. This shift in time implies a linear correction in frequency. Once these corrections have been applied, we obtain the absorption profile shown in FIG. 3(d) , which is of the same form as the one schematically presented in FIG. 2(b) .
B. Scanning the magnetic field
In order to reconstruct the two Q tensors, we have to know the splittings for several possible directions of the magnetic field. To scan the field homogeneously in space, we use the same method as the one presented in [30] : we scan the magnetic field along a spiral parametrized by
where
. In our case, the scan of the space occurs along an ellipsoid, because B z = B x = B y . Since the D 1 -D 2 plane is roughly parallel to the X − Y plane, if we scan around the X or Y axes we will cross the D 1 -D 2 plane several times. Outside this plane we observe two different SHB spectra as shown in FIG. 2(b) . Using this fact one can precisely identify the position of the D 1 -D 2 plane from the spiral measurement. In all of the spiral measurements we present in the article, N was chosen to be 200. In FIG. 4 , we show the SHB spectra for three transitions between the 7 F 0 and 5 D 0 manifolds, obtained with spiral scans. The hole positions were identified in these rotation patterns manually, by looking at the SHB spectrum for each orientation of the magnetic field along the spiral pattern individually. Whenever possible, the main antiholes would also be identified, however their amplitudes were generally smaller.
C. Fitting procedure
To find the Hamiltonian which explains the observed spectra, we parametrize the effective Hamiltonian (Eq. (2)). Since the diagonal elements of the quadrupolar tensor Q in FIG. 3(d) ). White regions correspond to higher transmission (holes) while black regions represent increased absorption (antiholes). The positions of the side holes give directly the splittings of the excited state, while the positions of the strongest antiholes correspond to the ground state splitting (cf . FIG. 2 ). The energy splittings predicted by the fitted spin Hamiltonian are shown as white (holes) and black (antiholes) lines. The strong central hole was removed to increase the contrast of the image. The colour axis is non-linear. of this tensor, using three Euler angles α Q , β Q and γ Q in the (X,Y,Z) lab frame. Then, the Zeeman part is described by six parameters. They correspond to its three diagonal elements g 1 , g 2 and g 3 and three angles α M , β M and γ M representing the orientation of the M (e) 1 tensor in the (X, Y , Z) lab frame. These angles are not the same as for the Q (e) 1 tensor due to the low site symmetry in the crystal. Finally, two more parameters are used to identify the orientation of the C 2 symmetry axis connecting two magnetically inequivalent subsites: α C2 and β C2 defined in spherical coordinates in (X, Y , Z) lab frame. A rotation of π around this axis for both tensors is used to obtain the Hamiltonian for the second subsite containing Q In order to determine these 11 parameters we used a standard least squares fitting method. Using the simu- lated annealing approach [46] it was possible to ensure that the fit corresponds to a global solution. In addition to this conventional method of analysing the data, in the Appendix C we develop a novel approach based on perturbation theory to facilitate the fitting procedure. Using this approach it is possible to estimate certain set of parameters of the Hamiltonian (specifically the orientation of the Q tensor and the C 2 symmetry axis) before performing a fitting. This in turn simplifies the search of a global solution by reducing the amount of numerical efforts for fitting procedure.
In FIG. 4 we show the experimental SHB spectra obtained using the spiral scan of the magnetic field. These maps were constructed by assembling SHB spectra as shown in FIG. 3(d) into an image, where each vertical line consists of a SHB spectrum. Each spectrum was then examined individually, in order to identify the positions of the side holes and the main, strong anti-holes. These directly give the nuclear Zeeman splittings of the excited and ground states ( see FIG. 2) ), respectively. All measured positions can be found in FIG. 6 in the Appendix. The measured positions were used to fit all the parameters of the spin Hamiltonian. The final solution, which will be detailed below, accurately predicts the positions of the side holes and the main anti-holes, as shown in FIG. 4 and FIG. 6 in the Appendix. We further note that also the fainter anti-holes seen in FIG. 4 , which were not used for fitting, can be explained using the predicted Zeeman splittings. These anti-holes are positioned at the sum and differences of the ground and excited state Zeeman splittings (cf . FIG. 2) .
It should be noted that the measured ground state Zeeman splittings are also in good agreement with predictions based on the spin Hamiltonian in Ref. [31] , up to a rotation of about 5 degrees around the C 2 symmetry axis (in the D 1 − D 2 plane) . This is within the estimated error of the position of the D 1 axis in the D 1 − D 2 plane in Ref. [31] , which was stated to be 10 degrees.
The fitted C 2 symmetry axis is tilted by only 8 degrees from the z axis (TABLE I) , as expected from the orientation of the crystal with respect to the z axis of the coils. Having identified the C 2 symmetry axis, it is possible to do measurements in the D 1 − D 2 plane that is perpendicular to this axis. The results (FIG. 5) are in good agreement with predicted spectra and contain only one set of lines (holes and antiholes) due to the fact that both subsites in this plane are magnetically equivalent. The degeneracy of the subsites confirms that the C 2 symmetry axis has been accurately determined.
D. Fitting ambiguities due to spin Hamiltonian symmetries
By fitting the recorded spectrum as a function of B n one cannot determine the spin Hamiltonian without ambiguity, as there is no unique solution. This is due to the fact that the measured spectrum is invariant under certain transformations of the Hamiltonian coming from its symmetries. Some type of the symmetries related, for example, to the global rotations of the interaction tensors M and Q or the order of their diagonal elements is not physically meaningful. However, the type of the symmetry related to the relative signs of the diagonal elements (this transformation can be considered as a mirror reflection) does modify the relative orientations of the interaction tensors (for details see Appendix B).
In general, only absolute values of the diagonal elements of the effective Q and M tensors can be extracted from the fit, which leads to the fact that relative signs of the eigenvalues can not be experimentally determined based on only such a measurement (Appendix B). For example, for each combination of the signs of g 1 , g 2 and g 3 , one obtains different solutions that lead to the same spectrum, but for which the orientation of the Q tensor is different (see Appendix B). Since the signs of the M tensor for the ground and excited states have never been measured for this material we have 2 3 = 8 possible combinations for each state, which means a total of 64 possible solutions.
We determined the sign of D in the Q tensor . γ accounts for the position of the polarization extinction axes D1 and D2 and was measured separately using polarization dependent absorption of the crystal. All other parameters were used to fit the spin Hamiltonian on the optical transition. The error estimation was done using the covariance matrices from the nonlinear fit and do not include errors in the magnetic field, which are expected to be less than 5%. The angles αi, βi and γi are Euler angles that express the tensors in the (X,Y,Z) lab frame. [20, 39, 47] both for the ground and excited states.
E. Reducing fitting ambiguities
Some assumptions can be made to choose the global sign of both M tensors. The nuclear magnetic moment of the ion can be substantially quenched or even inverted due to higher order hyperfine interaction [49] . The M (g) tensor for the ground state is very anisotropic (see TA-BLE I), so its eigenvalues might differ substantially from the value of the nuclear magnetic moment of the free ion, in particular some g values could even be negative. For the excited state 5 D 0 , however, this effect is negligible [49] . This is due to the much larger energy spacing for the closest energy level for excited state (> 1700 cm To find a unique solution, one could measure the quadratic Zeeman interaction using SHB, as it is sensitive to the sign of the M tensor [50, 51] . This approach requires measuring the shift of the spectral hole under strong magnetic fields (≈1 Tesla). One can also utilize optical branching ratios which are known to be sensitive to the sign and/or absolute value change of the nuclear projection between two electronic states. We use the latter to identify the proper solution.
The optical branching ratios at zero magnetic field were measured in a previous study using tailoring techniques [39] and are given in TABLE II. We verified that the measured table of relative oscillator strengths is equivalent for the 151 Eu isotope at least within the experimental errors given in Ref. [39] . In order to calculate the relative oscillator strength for each transition |±k/2 (g) ←→ |±l/2 (e) , we write it as an overlap between nuclear eigenstates µ eg = µ opt ±k/2 (g) ±l/2 (e) . In this expression, µ opt is the dipole moment of the optical transition defined by the electronic wavefunctions and is the same for each nuclear spin projection. This is done assuming that the electronic and the nuclear wavefunctions are separable for the ground and excited states, which was confirmed to be a good approximation in the case of quenched electronic spin [52, 53] .
The branching ratio The error in the orientation of the cut surfaces of the crystal is inferior to 1°. The relative orientations of the X,Y and Z axes of the coils should also be smaller than 1°. The main source of error is then the orientation of the crystal with respect to the X,Y and Z axes. As discussed in Sec. IV C, the C 2 symmetry axis (or crystal b axis) could be determined from the fit and it is misaligned with about 8°with respect to the Z axis. For optics experiment, the most commonly used reference frame is given by the D 1 ,D 2 , and b axes. To determine the orientation of the D 1 axis in the X-Y plane we used the polarization-dependent absorption coefficient [17] . This allowed us to express the M and Q tensors in the D 1 ,D 2 , and b reference frame, which are given in A. We estimate that the final error in the D 1 ,D 2 , and b reference frame is at most a few degrees, and mostly in the D 1 -D 2 plane.
V. DISCUSSIONS AND CONCLUSIONS
Our analysis yields a spin Hamiltonian which inverts the sign for one of the eigenvalues of the M (g) tensor (see TABLE II ). Such a sign change for the nuclear magnetic moment has been observed previously [51] , and originates from the well established effect of nuclear magnetic moment quenching [54] . This effect is caused by the interaction with nearby J = 1 electronic levels giving rise to the pseudoquadrupole interaction and reduced magnetic moment which can be written as g = (1 − α)g N , where g N = 10.56 MHz/T is the nuclear magnetic moment of the free europium ion [28] . The calculated α parameters are given in TABLE II, both for the ground and excited states.
Another particular feature is the negative sign of the D parameter in the ground state, which leads to the inverted order of energy levels at zero field (see FIG. 1(a) ), while for the excited state the D parameters is positive. This holds true also for the 153 Eu isotope (see TABLE II ). This difference in sign of D has been observed in previous studies of Eu 3+ doped crystals [35, 51] . It can be explained by taking into account the electric field gradient created by the 4f electronic configuration in each electronic state [55, 56] . This type of contribution for Eu 3+ ion is defined by the mixing with the second elec- 5 D 0 and characterized its orientation with respect to the ground state spin Hamiltonian. This is particularly important to be able to predict the behavior of optical transitions under external magnetic fields.
Our characterization of 151 Eu 3+ :Y 2 SiO 5 is in good agreement with previously obtained results for relative optical strengths at zero magnetic fields. We characterized the relative signs between the hyperfine parameters for electronic ground and excited states and identified unique solution compatible with previous results from other crystals. Our results allow the calculation of transition frequencies and relative oscillator strengths for arbitrary magnetic field vectors. This is a crucial requirement in order to use highly coherent spin transitions in this material for the implementation of long lived optical quantum memories combined with extended spin coherence properties for spin transitions. states, δ k /(2| B|), in natural units for k = 1/2, 3/2, 5/2 (from left to right) as a function of n(θ, φ) = B/| B|). The orange plot is the hypothetical energy splitting if M were isotropic (i.e., M ∝ 1), which is almost the case for excited state (and, hence, there the orange plot is basically covered by the violet one). The coordinate system is the eigenbasis of Q (e) or Q (g) , respectively.
